Abstract: A small series of compounds containing derivatives of 2,4-diamino-and 2,4,6-triaminopyrimidine (compounds 2-7) was synthesized and tested for binding affinity to human histamine H 3 receptors (hH 3 Rs) stably expressed in HEK-293 cells and human H 4 Rs (hH 4 Rs) co-expressed with Gα i2 and Gβ 1 γ 2 subunits in Sf9 cells. Working in part from the lead compound 6-(4-methylpiperazin-1-yl)-N 4 -(3-(piperidin-1-yl)propyl)pyrimidine-2,4-diamine (compound 1) with unsatisfactory affinity and selectivity to hH 3 Rs, our structure-activity relationship studies revealed that replacement of 4-methylpiperazino by N-benzylamine and substitution of an amine group at the 2-position of the 2-aminopyrimidine core structure with 3-piperidinopropoxyphenyl moiety as an hH 3 R pharmacophore resulted in N 4 -benzyl-N 2 -(4-(3-(piperidin-1-yl)propoxy)phenyl)pyrimidine-2,4-diamine (compound 5) with high hH 3 R affinity (k i =4.49±1.25 nM) and H 3 R receptor subtype selectivity of more than 6,500×. Moreover, initial metric analyses were conducted based on their target-oriented drug-likeness for predictively quantifying lipophilicity, ligand efficiency, lipophilicity-dependent ligand efficiency, molecular size-independent efficiency, and topological molecular polar surface. As to the development of potential H 3 R ligands, results showed that integration of the hH 3 R pharmacophore in hH 4 R-affine structural scaffolds resulted in compounds with high hH 3 R affinity (4.5-650 nM), moderate to low hH 4 R affinity (4,500-30,000 nM), receptor subtype selectivity (ratio hH 4 R/hH 3 R; 8-6,500), and promising calculated drug-likeness properties.
Introduction
Histamine effects are known to be mediated through binding to four known histamine receptor subtypes designated as histamine receptors H 1 to H 4 (H 1 R-H 4 R), that belong to the family of G-protein-coupled receptors. H 1 R and H 2 R antagonists have been used for many years in clinical settings in the treatment of allergic conditions and gastric ulcers, respectively, while the potential clinical applications of human H 3 R (hH 3 R) and human H 4 R (hH 4 R) ligands are currently being extensively studied. H 3 R, initially described in 1983, is mostly expressed in the brain.
1,2 H 3 Rs are recognized as presynaptic autoreceptors that regulate the synthesis and release of histamine as well as heteroreceptors on non-histaminergic neurons modulating the release of many other important neurotransmitters such as acetylcholine, norepinephrine, dopamine and serotonin. [3] [4] [5] Given their localization and ability to affect multiple neurotransmitter systems, it has been hypothesized that H 3 R antagonist/inverse agonists could be suitable for the therapeutic management of central nervous system (CNS) disorders such as sleep disorders, Alzheimer's disease, schizophrenia, narcolepsy, epilepsy, pain, and obesity. [6] [7] [8] [9] This article was published in the following Dove Press journal: Drug Design, Development 4 Rs are the most recently recognized receptor subtype belonging to the histamine receptor family. Despite their approximate 31% sequence homology (54% in transmembrane domains) and similarity in genomic structures, hH 3 R and hH 4 R differ significantly in expression patterns. Whereas hH 3 R is mainly restricted to the brain, hH 4 R expression is found mostly in the peripheral tissues and cells of the immune system. 10, 11 Individual expression patterns of hH 4 R on various hematopoietic cells such as mast cells, basophils, eosinophils, T-cells, and dendritic cells suggests an essential role in the regulation of immune response and inflammation. 8, [11] [12] [13] [14] [15] [16] Due to structural similarities between hH 3 R and hH 4 R, it is expected that several imidazole-containing H 3 R ligands such as clobenpropit, imetit, and thioperamide also have a significant affinity for hH 4 R. 11 2,4-Diaminopyrimidines were first identified by chemists from Palau Pharma (Barcelona, Spain) and UCB Pharma (Brussels, Belgium), although without specific descriptions of pharmacological data. Pfizer (New York, NY, USA) scientists also published studies on related pyrimidines such as hH 4 R ligands substituted with aliphatic heterocycles, while Johnson & Johnson (New Brunswick, NJ, USA) prepared carbon-analog 2-amino-4-alkyl-pyrimidines. 13 Furthermore, current medicinal chemistry efforts are predominantly focused on selective acting G protein-coupled receptor ligands, particularly histamine hH 3 and hH 4 selective agonists/antagonists. Previous studies resulted in the development of 6-(4-methylpiperazin-1-yl)-N 4 -(3-(piperidin-1-yl) propyl)pyrimidine-2,4-diamine, which had unsatisfactory affinity and selectivity for hH 3 R and hH 4 R. The blueprint structure was constructed on a 2,4,6-triaminopyrimidine core containing a central 2,4,6-triaminopyrimidine as a conjugated donor/acceptor group; a basic group in the western part of the molecule and a lipophilic moiety in the eastern part ( Figure 1 ). [13] [14] [15] 17 Based on these efforts in designing ligands for hH 3 Rs and hH 4 Rs, the main objective of the current study was to link a well-established hH 3 R pharmacophore with an hH 4 R core structure, namely 2-aminopyrimidine, to determine which structural elements are necessary to create affinity to hH 3 Rs. As a result, a 2,4,6-triaminopyrimidine core element was chosen for further structural modifications. Affinity to hH 3 R stably expressed in HEK-293 cells and in hH 4 R transiently co-expressed with G αi2 and G β1γ2 subunits in Sf9 cells was measured according to previously established methods to explore the influence of modifications to basic and lipophilic moieties in the western and eastern parts of the molecule, respectively. 18, 19 Several approaches are described: modifying compound 1 and related structures involved in the exchange of the lipophilic basic residue at 4-position (eastern part) by N-benzylamine moieties lacking basic character; replacement of the basic 4-methylpiperazino side chain at 6-position (western part) by unbranched basic piperidines maintaining the comparable spacer length; and substitution of the amine group at 2-position of the 2-aminopyrimidine core structure (Figure 1 ). Moreover, initial metric analyses were conducted to predictively quantify lipophilicity (clogP), ligand efficiency (LE), lipophilicity-dependent ligand efficiency (LELP), lipophilic efficiency (LipE), and topological molecular polar surface (TPSA), important for verification of drug-likeness of novel compounds 2-7.
Material and methods general
Educts, reactants, and solvents were commercially obtained from Merck (Darmstadt, Germany), Sigma-Aldrich (SigmaAldrich Chemie GmbH, Buchs, Switzerland), Alfa Aesar (Ward Hill, MA, USA), ABCR (Gainesville, FL, USA), and Acros Organics (Thermo Fisher Scientific, Waltham, MA, USA). The microwave oven used was a Biotage Initiator 2.0 (Biotage, Uppsala, Sweden). High-pressure amidation was performed using a Haberautoklav Modell IV Typ 50S (Carl Roth ® GMBH, Karlsruhe, Germany). Thin layer chromatography was performed with 0.2 mm thick silica gel foil 60 F 254 (Merck). For detection of precursors and final products, standard methods were performed: ultraviolet (UV) irradiation, ethanolic solution of ninhydrin reagent, and hot air. Mobile phases consisted of different mixtures of dichloromethane and methanol saturated with gaseous ammonia atmosphere. Preparative column chromatography was performed on silica gel with particle sizes of 63 µm-200 µm (Merck). Mixtures of dichloromethane and ammonia-saturated methanol were used as mobile phases. For flash chromatography, prepacked columns were used on an IntelliFlash 310™ chromatology system (Varian Medical Systems Inc., Palo Alto, CA, USA). The adsorbent agent used was 50 µm silica gel (SuperFlash™, Varian). The used mobile phases were mixtures of dichloromethane and ammonia-saturated methanol or mixtures of methanol and triethylamine (99:1). Detection was carried out using an UV detector (wavelength: λ 256 nm). Infrared spectroscopy was measured on a Bruker Alpha-T spectrometer (Bruker BioSpin MRI GmbH, Etlingen, Germany). Intensities of the bands were characterized as follows: s for strong (very intensive), m for medium (medium intensity), and w for weak (low intensity). 1 2) Signal multiplicity as follows: br = broad; s = singlet; d = doublet; dd = double doublet; pt = pseudo triplet; t = triplet; m = multiplet; approximate coupling constants (J) in hertz (Hz) and number and assignment of protons (prop = propane; pip = piperidine; Ar = aryle; ax = axial; eq = equatorial). Electrospray ionization mass spectrometry was performed on a Fisons VG Platform II mass spectrometer (Fisons Instruments Ltd, Manchester, UK) in positive polarity. Data were identified as mass number ([M+H] + ) and relative intensity (%). Elemental analyses for C, H, and N were performed on a Foss Heraeus CHN-O-rapid elemental analyser (Foss Heraeus, Hanau, Germany). Melting points were determined on a Büchi ® B-530 melting point apparatus (Buchi, Flawil, Switzerland).
chemistry Precursor syntheses of compounds P-i to P-XVii
The current study focused on the synthesis and pharmacological evaluation of piperidin-1-yl-propoxyphenyl-and 3-(4-methylpiperazin-1-yl)propoxyphenyl-substituted 2-aminopyrimidine derivatives. Consequently, the two basic linkers were introduced into the aromatic 2-aminopyrimidine skeleton while keeping the lipophilic element at 4-position with the 4-methylpiperazine or N-benzylamine substituent constant.
Furthermore, type and position of the side-chain moiety at the 2-amino position and 4-and 6-positions of the pyrimidine ring were systematically modified. P-1: 3-(Piperidin-1-yl)propan-1-ol hydrochloride Piperidine (20 g, 236 mmol), 3-chloropropane-1-ol (14.8 g, 157 mmol), K 2 CO 3 (32.5 g, 235 mmol), and KI (26 g, 157 mmol) were refluxed in absolute acetone (500 mL) for six days. The mixture was cooled to room temperature, inorganic components were removed by filtration, and the filtrate was concentrated by distillation. Purification of the crude orange oil was achieved by distillation under reduced pressure (15 mbar, 90°C-105°C). The oily product was crystallized as a hydrochloride from 2-propanol in isopropanol 0.5N HCl (white solid, 16.5 g, 73% yield). P-ii: 1-(3-chloropropyl)piperidine hydrochloride 3-(Piperidin-1-yl)propan-1-ol (PI, 5 g, 27.8 mmol) was suspended in 100 mL absolute toluene and an excess of thionyl chloride (10 mL, 83 mmol) was added drop-wise under inert atmosphere at 0°C. Once the exothermic reaction decayed, the mixture was stirred for 3 h at 60°C. On completion of the reaction, thionyl chloride and toluene were distilled off. The crude product was re-crystallized from ethanol (beige solid, 5.24 g, 95% yield). P-V: 6-chloro-N 4 -(4-(3-(piperidin-1-yl)propoxy)benzyl) pyrimidin-2,4-diamine 4,6-Dichloropyrimidine-2-amine (500 mg, 3 mmol) and precursor P-IV (757 mg, 3 mmol) were suspended in diisopropyl amine (DIPEA) (1 mL, 6.1 mmol) in a microwave vial. The reaction mixture was heated and stirred in a microwave oven at 130°C for 1 hour. Solvent was removed under reduced pressure. Purification was performed by multiple re-crystallizations in acetone (solid, 535 mg, 73% yield). P-Vi: 3-(piperidin-1-yl)propanitrile Piperidine (6 mL, 58.7 mmol), 3-chloropropanenitrile (4.6 mL, 59.7 mmol), K 2 CO 3 (24 g, 176 mmol), and KI (10 g, 59 mmol) were refluxed in 50 mL absolute acetone for 48 hours. Inorganic compounds were filtrated and the solvent was evaporated under reduced pressure. Column chromatography was performed for further purification of the product (solid phase: silica gel; mobile phase: mixture of dichloromethane and ammonia-saturated methanol 9:1) (solid, 5.2 g, 64% yield). P-Vii: 3-(piperidin-1-yl)propan-1-amine Precursor P-VI (2 g, 14.5 mmol) was suspended in 50 mL ammonia-saturated methanol in an autoclave with a catalytic amount of Raney nickel and hydrated at 5bar hydrogen pressure for 24 hours. The catalyst was removed by filtration with Celite 535 coarse and the solvent was removed under reduced pressure. Column chromatography was performed for further purification of the product (solid phase: silica gel; mobile phase: mixture of dichloromethane and ammonia-saturated methanol 95:5; 9:1) (solid, 1 g, 49% yield). -(3-(piperidin-1-yl)propyl)pyrimidin-2,4-diamine 4,6-Dichloropyrimidin-2-amine (300 mg, 1.8 mmol) and precursor P-VII (260 mg, 1.8 mmol) were suspended in N,Ndiisopropylethylamine (0.63 mL, 3.6 mmol) in a microwave vial. The reaction mixture was heated and stirred in a microwave oven at 130°C for 1.5 hours. Purification was performed by multiple recrystallizations in absolute acetone (solid, 315 mg, 37% 
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2-aminopyrimidines as h 3 r ligands P-iX: 1-(3-(4-nitrophenoxy)propyl)piperidine Precursor P-II (7.4 g, 37 mmol), 4-nitrophenole (5.2 g, 37 mmol), K 2 CO 3 (15.4 g, 111 mmol), and KI (6.2 g, 37 mmol) were refluxed in 100 mL absolute dimethylformamide for 72 hours. Inorganic compounds were removed by filtration, the solution was concentrated, and 100 mL water was added. The water phase was washed with the organic solvent ethyl acetate. The collected organic phases were washed with 50 mL 2N NaOH solution and then with 50 mL of saturated NaCl solution, dried with MgSO 4 , and concentrated under reduced pressure (solid, 7.6 g, 77% yield). 
P-X: 4-(3-(piperidin-1-yl)propoxy)aniline
Precursor P-IX (7.5 g, 34 mmol) was suspended in 50 mL absolute ethanol and hydrated at 5bar hydrogen pressure for 24 h in an autoclave using a catalytic amount of Palladium on carbon (10%). The used catalyst was removed by filtration with Celite 535 coarse and the solvent was removed under reduced pressure (solid, 7.5 g, 94% yield). 
(M + H) (100%).
P-Xi: 6-chloro-N 4 -(4-(3-(piperidin-1-yl)propoxy)phenyl) pyrimidin-2,4-diamin 4,6-Dichloropyrimidine-2-amine (500 mg, 3 mmol) and precursor P-X (714 mg, 3 mmol) were suspended in DIPEA (2.1 mL, 12.2 mmol) in a microwave vial. The reaction mixture was heated and stirred in a microwave oven at 160°C for 3 hours. Solvent was removed under reduced pressure. Purification was performed by multiple recrystallizations in absolute acetone and ethanol (solid, 250 mg, 22% yield). 1 P-XiV: 1-methyl-4-(3-(4-nitrophenoxy)propyl)piperazine Precursor P-XIII (1 g, 4.7 mmol), 4-nitrophenole (0.7 g, 4.7 mmol), K 2 CO 3 (2 g, 14 mmol), and KI (0.8 g, 4.7 mmol) were refluxed in 30 mL absolute dimethylformamide for 72 hours. Inorganic impurities were removed by filtration, the solvent was evaporated under reduced pressure, and 100 mL water was added. The water phase was extracted with dichloromethane, then collected organic phases were washed with 2N NaOH solution and saturated NaCl, dried with Na 2 SO 4 , and concentrated to dryness (solid, 600 mg, 46% yield). P-XV: 4-(3-(1-methylpiperazin-1-yl)propoxy)aniline Precursor P-XIV (7.5 g, 34 mmol) was suspended in 50 mL of absolute ethanol in an autoclave. A catalytic amount of Pd/C (10%) was added and hydration was performed under 5bar hydrogen pressure for 24 hours. The catalyst was removed by filtration with Celite 535 coarse and the solvent was evaporated under reduced pressure (solid, 490 mg, 98% -(4-(3-(piperidin-1-yl) propoxy)phenyl)pyrimidin-2,4-diamine The precursors P-X (340 mg, 1.5 mmol) and P-XVI (435 mg, 1.9 mmol) were suspended in trifluoroacetic acid (0.36 mL, 4.6 mmol) in a microwave vial under inert gas atmosphere. The reaction mixture was heated and stirred at 140°C for 1 hour. The solvent was removed under reduced pressure. The crude product was purified by flash chromatography (solid phase: silica gel; mobile phase: dichloromethane/methanol with 1% triethylamine; 9:1) and recrystallized multiple times in absolute ethanol. For elementary analysis and melting point determination, the product was precipitated as salt of maleic acid (solid, 92 mg, 14% yield).
IR -(4-(3-(4-methylpiperazin-1-yl) propoxy)phenyl)pyrimidin-2,4-diamine Precursors P-XV (426 mg, 1.9 mmol) and P-XVI (500 mg, 2 mmol) were suspended in trifluoroacetic acid (0.44 mL, 5.8 mmol) in a microwave vial under inert gas atmosphere. The reaction mixture was heated and stirred at 140°C for 1 hour. The solvent was removed under reduced pressure. The crude product was purified by flash chromatography (solid phase: silica gel; mobile phase: dichloromethane/methanol with 1% triethylamine; 9:1) and recrystallized multiple times in absolute ethanol. For determination of elementary analysis and melting point, the final product was precipitated as a salt of maleic acid (solid, 150 mg, 18% yield 
Pharmacology hh 3 r binding assay
Radioligand binding assays were performed on HEK-293 cell membranes as previously described with slight modifications. 18, 19 Shortly before beginning the experiments, cell membrane preparations were thawed, homogenized by sonification at 4°C, and kept in ice-cold binding buffer (12.5 mM MgCl 2 , 100 mM NaCl, 75 mM Tris/HCl; pH 7. Radioligand binding assays were performed on Sf9 cell membranes as previously described with slight modifications. 17, 18 Prior to the experiments, cell membranes were sedimented by a 10 minutes centrifugation at 4°C and 16,000 g and resuspended in binding buffer (12.5 
Metric analyses
The values for LE, LELP, and LipE were calculated for compounds 1-7 based on their affinities for hH 3 Rs and hH 4 Rs to further corroborate their drug-likeness and assessment as potential new leads (Table 2 ). These widely-used three metrics are important models in drug discovery and are easy to use for assessing whether a ligand derives its potency from optimal fit with a target protein or simply by making many contacts. [26] [27] [28] [29] [30] [31] [32] [33] Values for LE, LELP, and LipE were calculated using equations 1, 2, and 3, respectively:
28 LipE = pK i -clogP. An additional molecular descriptor, polar surface area (PSA), has been shown to correlate very well with human intestinal absorption. 33 PSA is very suitable for predicting drug transport properties. 32 In the current study, topological PSA (TPSA) was calculated using Molinspiration Depiction Software (Molinspiration Cheminformatics, Slovensky Grob, Slovak Republic). 34 The procedure was based on the summation of the tabulated surface contributions of polar fragments, ie atoms regarding their physicochemical environment. Fragment contributions were determined by least squares fitting to the single conformer 3D PSA for 34,810 drugs from the World Drug Index. TPSA data usually provides results of virtually the same quality as classical 3D PSA; calculations, however, were 2-3 orders of magnitude faster. 35, 36 Results chemistry synthesis of precursors Pi-XVii
In the present study, the precursors PI-IV, PVI-VII, and PX-XI containing piperidine were prepared according to previously described methods. 9, [20] [21] [22] [23] The precursors PV, PVIII, and PXI were achieved through the nucleophilic reaction of 4,6-dichloropyrimidine-2-amine with precursors PIV, PVII, and PX, respectively, applying previously developed synthetic methodologies. 17 The 4-methylpiperazine substituted precursors PXII-PXV and precursors PXVI and PXVII bearing benzyl or piperazin-1-yl at 4-position amine moiety were prepared in good yields. 22 
Synthesis of final compounds 2-7
Compounds 2-7 were prepared in moderate to good yields using well-established conditions for microwave assisted nucleophilic substitution reactions of 4,6-dichloropyrimidin-2-amine and an appropriate basic side chain. As polar, protic solvent 2-propanol or ethanol was used and DIPEA acted as a basic auxiliar. Accordingly, precursors PVIII, PXI, and PV were intermediates for the final compounds 2, 3, and 4, respectively, while PXV was the starter precursor for final compounds 6 and 7. Finally, the nucleophilic reaction of PX with PXVI yielded compound 5. All resulting precursors PI-XVII and final compounds 2-7 described in the current study were synthesized by a series of reactions as shown in Figures 2-4 .
Pharmacology h 3 r and h 4 R binding affinity
The final compounds 2-4 and 7 resulted from the combination of hH 3 R pharmacophore with 4- (4-methylpiperazin-1-yl) pyrimidin-2-amine. hH 3 R affinities of compounds 2-7 were evaluated by competition binding experiments with [ 3 H] N α -methylhistamine (MeHA) on membranes of HEK-293 cells stably expressing hH 3 R. Compounds 2-7 were further tested for their affinity to hH 4 R by a [ 3 H] histamine replacement assay on membranes of Sf9 cells transiently co-expressing hH 4 R with G αi2 and G 1γ2 subunits. 9, [18] [19] [20] The H 3 R affinity observed for compounds 2-7 was in the nanomolar concentration range (K i values of 4.49-649 nM), whereas affinity for hH 4 R was found to be evidently lower (K i values of 4,480-49,240 nM) ( Table 1) .
Metric analyses
Values for LE (hH 3 R), LELP (hH 3 R), and LipE (hH 3 R) for compounds 1-7 were found to be in the range of 0.27-0.37, 1.39-13.55, and 2.69-5.34, respectively. Also, values for compounds 1-7 were in the range of 0.21-0.25, 2.04-17.82, and −0.20-3.49 for LE (hH 4 R), LELP (hH 4 R), and LipE (hH 4 R), respectively. Furthermore, the values describing the topological molecular polar surface were in the range of 60.00 Å 2 -82.78 Å 2 . Results of pharmacological screening and calculated physicochemical parameters are summarized in Tables 1 and 2 .
Discussion
The synthesis of compound 2 should provide insight into whether the 2-aminopyrimidin ring can replace the aromatic center of the hH 3 R pharmacophore, namely piperidin-1-yl-propoxyphenyl. Indeed, compound 2 containing piperidinopropyl as the H 3 R pharmacophore affinity observed for hH 4 R (K i (hH 4 R) = 49,240 nM) was decreased by approximately 2.3× compared to the lead structure 1 (K i (hH 4 R) =118,295 nM), despite keeping the entire 4-(4-methylpiperazin-1-yl)pyrimidin-2-amine moiety at 4-position in the eastern part of its structure. However, affinity for hH 3 R was only in the three-digit nanomolar range (K i (hH 3 R) = 580 nM) and was thus not satisfactory. Moreover, previous structure-activity relationships (SARs) of H 3 R antagonists/inverse agonists have shown that the presence of an ether function in the hH 3 R pharmacophore is necessary for producing high affinity for hH 3 R. 8, 9, 11 The lack of an ether function, which was replaced by an amine moiety in compound 2, could explain the observed low affinity for hH 3 R (K i [hH 3 R] =580 nM). As a result, inserting an aromatic ether linkage connecting the basic piperidinylpropyl moiety with the 4-(4-methylpiperazin-1-yl)pyrimidin-2-amine structural core resulted in compound 3 with a significant 49× increased affinity for hH 3 Notes: reagents and conditions. 1a) K 2 cO 3 , KI, acetone, reflux, 6 days; 1b) hcl, 2-propanol; 79%; 1c) 4-hydroxybenzonitrile, K 2 cO 3 , KI, acetone, reflux, 2 days; 1d) raney-nickel, ammonia-saturated methanol, autoclave, 5bar hydrogen pressure; 1e) 4,6-Dichloropyrimidin-2-amine, DiPea, isopropanol, MW, 130°c, 1 hour. 2a) 3-chloropropannitrile, K 2 cO 3 , Ki, acetone, 2 days. 2b) raney-nickel, ammonia-saturated methanol, autoclave, 5bar hydrogen pressure. 2c) 4,6-dichloropyrimidin-2-amine, DiPea, isopropanol, MW, 130°c, 1 hours. 3a) 4-nitrophenole, K 2 cO 3 , KI, dimethylformamide, reflux, 3 days. 3b) Pd/c (10%), ethanol, autoclave, 5bar hydrogen pressure, 2 days. 3c) 4,6-Dichloropyrimidin-2-amine, DiPea, isopropanol, MW, 160°c, 3 hours. Notes: reagents and conditions. 1) 1-Methylpiperazine, DiPea, MW, 160°c, 3 hours for 2 and 3, 2 hours for 4. 2) Precursor PXVI, trifluoroacetic acid, MW, 140°c, 1 hour. 3a) Precursor PXVi for 6, trifluoroacetic acid, MW, 140°c, 1 hour. 3b) Precursor P XVii for 7, trifluoroacetic acid, MW, 140°c, 1 hour.
Conversely, the side chain elongation in the western part of the structure performed with the design and synthesis of compound 4 showed a nearly 5× weaker affinity for hH 3 Rs (K i [hH 3 R] =49.11 nM) and a 3× higher affinity for hH 4 Rs (K i [hH 4 R] =4,480.83 nM) compared to compound 3, indicating that such a substitution was unsuccessful and has not been explored any further. Moreover, previous studies of the SAR of H 4 R antagonists revealed that an amine moiety at 2-position in the 2-aminopyrimidine H 4 R pharmacophore was necessary to elicit aff inity for hH 4 R. 24 Thus, the substitution of the amine group at 2-position with the piperidinylpropyloxy H 3 R pharmacophore together with replacement of the 4-methylpiperazin-1-yl moiety in the eastern part by N-benzylamine significantly 4 r and coexpressed with g αi2 and β 1γ2 subunits, mean value ± seM, n=2; measurement as previously described. 18, 19, 25 Abbreviation: seM, standard error of mean.
increased the affinity of the resulting compound 5 for hH 3 Rs (K i [hH 3 R] =4.49 nM) and clearly decreased the affinity for hH 4 Rs (K i [hH 4 R] =29,493 nM). The in-vitro observations for compound 5 at both receptor subtypes showed that proper structural derivatizations of an H 4 R pharmacophore, namely 2-aminopyrimidine, can result in the design and synthesis of a highly potent and selective hH 3 R antagonist with an hH 3 R/hH 4 R ratio of 6,500 towards hH 3 Rs. However, further structural modifications of compound 5, such as replacement of basic piperidine at 2-position or N-benzylamine at 4-position of the structure, resulted in compounds 6 (K i [hH 3 R] = 383 nM, K i [hH 4 R] =13,245) and 7 (K i [hH 3 R] =649 nM, K i [hH 4 R] =9,695) with a significant drop in antagonistic binding affinity towards both receptor subtypes.
Conversely, concepts of lipophilicity-related metric analyses predictively quantifying target-oriented drug-likeness have for many years been established as useful tools in the lead optimization process. Moreover, it has been shown that the lipophilicity of a respective compound is an important druglike property, the control of which is vital for eventual success in drug development. This is not surprising since the role of LogP in altering drug potency, pharmacokinetics, and toxicity has been well established. 29 However, high lipophilicity is usually linked with increased likelihood of binding to multiple targets and resultant pharmacologically based toxicology [26] [27] [28] [29] [30] [31] [32] [33] as well as poor solubility and metabolic clearance. 37 It has also been suggested that compounds with a clogP ,5 have a more favorable drug-likeness profile. 17, 26 Among the current series of compounds, clogP values were found to be ,5, suggesting their applicability for oral administration. To further assist the drug discovery/development process and to guide the optimization from a lead compound to a successful drug candidate, rules for predicting drug-like physiochemical properties have been introduced. 32 Lipinski's 'Rule of five' and other physicochemical parameters have been shown to be useful tools in selecting oral drug candidates. 29 Generally, values of LE and LELP being .0.3 and ,7.5, respectively, have been validated as favorable candidates with drug-likeness. [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] Interestingly, compounds 3, 4, and 5, the most potent hH 3 R antagonists among the current series, showed LE values .0.3 for hH 3 R whereas a significant decrease in LE values of ,0.3 for hH 4 R was observed. These results further validate the drug-likeness of compounds 3, 4, and 5. Conversely, the correlation of LELP values (hH 3 R) for compounds 3, 4, and 5 of 9.26, 9.60, and 12.79, respectively, and 15.17, 13.11, and 23.57 for hH 4 R were not observed since both values were .7.5. However, it has been proposed that a clear understanding of probabilities in drug discovery is sometimes impossible because of a significant number of known and unknown variables. 26 As a result, metric analyses have limitations except for some metrics that can be useful such as LipE and enthalpy in drug provability. 38, 39 It is therefore important to know when metricbased information is useful, useless, or possibly misleading so that it can be appropriately prioritized. 26 Interestingly, LipE values, which are considered to be independent of molecular size of the respective compound, were found to be ,5 for the three most promising compounds based on both histamine receptor subtypes. LipE results further corroborated the drug-likeness of compounds 3, 4, and 5. Moreover, it has been previously suggested that compounds with TPSA values .60 Å 2 are generally regarded as poor membrane-permeable substances with predictively reduced CNS bioavailability. 36, 37 Among the synthesized series, the observed TPSA values for compounds 2-7 were in the range of 60 Å 2 -82 Å 2 , necessitating further structural optimization of the current class with the objective of generating newer derivatives with enhanced predictive physicochemical parameters, especially for TPSA. In this regard however, the results for compounds 2-7 showed that an increase in size and surface improved affinity and selectivity for hH 3 R was not successful concerning drug-likeness.
Conclusion
With respect to the development of potential histamine hH 3 R ligands, results observed for compounds 2-7 indicated that slight structural changes evoked extensive differences in affinities as well as histamine receptor subtype preferences. The incorporation of a piperidin-1-ylpropoxyphenyl, an established hH 3 R pharmacophore, in the hH 4 R-affine structural scaffold 2-aminopyrimidine increased hH 3 R affinity and subtype selectivity while hH 4 R affinity was decreased. Assuming reference compound 1 as starting lead, some spacer variations as well as an exchange of the lipophilic 4-methylpiperazine residue by N-benzylamine and a combination of both were performed. Compounds 3, 4, and 5 showed reduced affinities at hH 4 R with concentration ranges significantly lower than that of reference compound 1. These results indicate that incorporation of an H 3 R pharmacophore can provide greater affinity and selectivity for hH 3 R over hH 4 R. For example, the derivative with a 3-piperidinopropyloxy-substituted amine group at 2-position (compound 5) was 6,500× more selective for hH 3 R than hH 4 R, with further corroboration of these results provided by physicochemical and drug-likeness parameters.
